The present research article deals with the study of corrosion behavior of Ni-P-TiO 2 composite coating. The TiO 2 composite coating is deposited on the mild steel substrate. Corrosion behavior of the TiO 2 composite coatings after heat treatment at various annealing temperatures (300 °C, 400 °C, and 500 °C) is evaluated with the help of potentiodynamic polarization test using 3.5% NaCl solution. The electrochemical parameters, corrosion potential (E corr ) and corrosion current density (I corr ), are optimized for maximum corrosion resistance using Taguchi based grey relational analysis. The coating parameters, namely, nickel sulphate, sodium hypophosphite, concentration of TiO 2 particles and annealing temperature are considered as main design factors. The analysis of variance (ANOVA) revealed that the annealing temperature and concentration of TiO 2 particles have significant influence on the corrosion behavior of the composite coating. The microstructure characterization of the coating is conducted using scanning electron microscopy, energy dispersive X-ray analysis and X-ray diffraction analysis. The Ni-P-TiO 2 composite coating exhibits nodular structure with uniform incorporation of titanium particles and converts into the crystalline structure after heat treatment.
Introduction
In industries, it is big challenge to protect the components and parts from corrosion and wear. Hence, it is essential to develop the suitable materials which have higher corrosion and wear resistance. But, it is not economical to produce such materials, which have excellent tribological properties. Deposition of additional layer on the surface of the component is the effective way to improve the mechanical and tribological properties of the component with greater economical balance. The additional layer is produced with the help of the coating. Electroless nickel (EN) coating is an autocatalytic chemical technique to deposit layer of Ni-P/Ni-B on the surface of the metal or non-metal without using electric current. The electroless nickel-phosphorus coatings have excellent corrosion and wear resistance properties [1] [2] [3] [4] . The EN coatings with higher phosphorus content have higher corrosion resistance. Hence, these coatings are mostly used in corrosive environments such as oil and gas industry, mining, chemical, and structural components, etc. Similarly, the corrosion resistance of the composite coatings is increased with increase in the content of composite particles [5] . In present days, electroless nickel coatings have gained wide popularity in automobile, mechanical, aerospace, chemical, electronic, printing, textile and in scientific domain, due to their excellent tribological properties. The EN composite coatings have better corrosion properties. The composite coatings in which second phase particles are uniformly distributed have excellent corrosion protection. Second phase particles reduce the metallic area of the coated surface and forms a physical barrier to resist the corrosion process [6] [7] [8] [9] [10] [11] [12] . On the other hand, composite coatings deposited with non-uniform distribution of second phase particles have lower corrosion resistance. Due to non-uniform distribution of particles, the coating structure becomes porous [13] . In case of soft composite coatings, the coating structure becomes dense and more homogeneous after heat treatment, which results in improvement in corrosion resistance compared to as-deposited soft coatings [14] [15] [16] . In most of the cases, heat treated composite coatings exhibited excellent corrosion resistance compared to as-deposited composite coatings. Heat treatment improves the density and structure of the coating, which results in decrease in porosity of the composite coating [17] [18] [19] . Generally, corrosion resistance of the Ni-P coatings depends on the rate of dissolution of the passive film apart from the amount of the phosphorus present in the coatings. In case of composite coatings it is observed that the formation of the passive layer is disturbed by the second phase particles which results into decrease in corrosion resistance of the composite coatings. Phosphorus present on the coated surface plays a vital role in corrosion resistance. An EN composite coating with higher phosphorus content shows excellent corrosion resistance, as the phosphide particles enables preferential hydrolysis of phosphorus over nickel [20] . The composite coating deposited using sol-gel technique has excellent corrosion resistance compared to conventional composite coatings and Ni-P coatings [21] . Surfactant present in the electroless bath reduces agglomeration of second phase particles, which results in uniform distribution of particles in the coated layer. Hence, surfactants improve the corrosion resistance of the composite coatings [22] [23] . Corrosion behavior of electroless nickel coatings studies are achieved using electrochemical tests, namely, potentiodynamic polarization test and electrochemical impedance spectroscopy test. The resistance of the coatings towards corrosion is evaluated on the basis of the corrosion parameters obtained from corrosion potential (E corr ), corrosion current density (I corr ), charge transfer resistance (R ct ), double-layer capacitance (C dl ), and corrosion rate (R c ), etc. The present study deals with the evaluation of corrosion behavior of the Ni-P-TiO 2 composite coating using potentiodynamic polarization tests. The Taguchi method with grey relational analysis has been employed to optimize the process parameters in order to find the optimum combination of coating parameters, which improve the electrochemical properties of the coatings. Analysis of variance (ANOVA) is used to observe the level of significance of the factors and their interactions. In the last, confirmation test is conducted to validate the test results. The surface morphology and composition of Ni-P-TiO 2 coatings have been studied with the help of scanning electron microscopy (SEM), energy dispersed X-ray analysis (EDX) and X-ray diffraction analysis (XRD).
Materials and methods

Preparation of the substrate and electroless composite bath
In the present work AISI 1040 (mild steel) is used as substrate material with size 20 mm × 20 mm × 2 mm. Effective deposition of the coating on the substrate depends on the preparation of the substrate. Hence, it is essential to prepare the surface of the substrate carefully and properly. Different machining processes such as shaping, parting, milling and grinding have been used in the given sequence to prepare the square shape substrates. Initially, the substrate was cleaned with the help of de-ionized water to remove foreign particles. Before coating process, the substrate is subjected to pickling treatment to remove the layer formed due to rust and other oxides. After that the substrate is rinsed with de-ionized water and cleaned with methanol. In the initial stage of the coating deposition process, the substrate is activated in warm palladium chloride solution to increase the coating deposition rate. After that, the activated substrate is immediately dipped in the hot electroless bath, maintained at 85 °C. The coating deposition process is carried out for three hours. For each substrate the constant deposition time is maintained to obtain uniform thickness of the coating. The coating thickness has been found in the range of 25 to 29 microns. Fig. 1 shows the experimental setup for electroless Ni-P-TiO 2 composite coating. The setup consists of heater cum magnetic stirrer (IKA ® RCT basic) with temperature range from 0 to 310 °C and the stirrer speed range from 0 to 1500 rpm. A fixed rigid stand was provided to hold and support the substrate and the glass coated temperature sensor. A glass beaker (250 mL) containing the electroless bath (200 mL) was put on the heating plate for coating deposition. With the help of a temperature sensing knob, the temperature was set up to 85 °C and the stirrer speed set with the help of the speed setting knob at 300 rpm. The important function of PTFE coated magnetic stirrer is to maintain the TiO 2 particles in suspension without agglomeration in the electroless bath. The stirrer speed is fixed after a large number of iterations to avoid the decomposition of the electroless bath due to the agglomeration of particles. It is very important to select the appropriate process parameters (chemicals and other factors) along with their quantity. The bath composition and operating conditions for electroless TiO 2 composite coatings are selected after various experiments, and the proper range of the parameters is chosen accordingly. The three most important parameters (nickel source, reducing agent, and concentration of TiO 2 particles) are varied and the other parameters kept constant for the coating deposition. To understand the effect of heat treatment on corrosion resistance, the coated substrates are heat treated in a muffle furnace for one hour at different temperatures (300 °C, 400 °C, and 500 °C) according to the Orthogonal Array (OA). After heat treatment, the substrates are cooled down to room temperature in the furnace without application of any artificial cooling. The bath composition and operating conditions of the electroless Ni-P-TiO 2 composite coatings are shown in Table 1 . 
Role of coating parameters and working conditions in the electroless bath
In the electroless bath, nickel sulphate is used as nickel source (it supplies nickel ions in the solution) and sodium hypophosphite is used as reducing agent which reduces the nickel ions from their positive valence state to zero valence state. At 85 °C bath temperature, the rapid and fast chemical reaction between the nickel source and the reducing agent results in immediate decomposition of the electroless bath. In such case, complexing agents are used to avoid decomposition of the bath. Sometime bath gets decomposed even though complexing agents are present in the electroless bath; in such situation, stabilizers play an important role to avoid the bath decomposition. Surfactants are used to increase the wettability and surface charge of the second phase particles [24] . Surfactant reduces the surface tension of the liquid and interfacial tension between solid and liquid particles. It also reduces the agglomeration of the second phase particles and adsorption of suspended particles on the specimen [25] . Approximately 50 mL of electroless bath solution containing specified amount of TiO 2 particles and SDS are thoroughly mixed using a magnetic stirrer (Remi make 2 MLH) for better suspension of particles in the electroless bath. At first Ni-P coating is deposited for one hour to prevent the porosity of the coating, then the slurry of TiO 2 particles, SDS and electroless bath (50 mL) are introduced into the same bath for the subsequent two hours to deposit the TiO 2 composite coating.
Potentiodynamic polarization test
The potentiodynamic polarization tests of heat treated electroless Ni-P-TiO 2 composite coated substrates are carried out using a potentiostat [(Gill AC) of ACM instrument, U. K.] with 3.5% NaCl solution at ambient temperature (33 °C). The electrochemical cell consists of three electrodes. A saturated calomel electrode (SCE) is used as reference electrode, which provides a stable 'reference' against which the applied potential is accurately measured. A platinum electrode is used as counter electrode or auxiliary electrode, which provides the path for the applied current into the electrolyte solution. The coated specimen is used as working electrode. The design of the cell is such that only an area of 1 cm 2 of the coated surface is exposed to the electrolyte. The experimental setup of the potentiodynamic polarization test is shown in Fig.  2 . A settling time of 15 minutes is assigned before every test in order to stabilize the open circuit potential (OCP). The potentiostat is controlled with the help of a personnel computer, which also stores the polarization data. The polarization curve is obtained from dedicated software, which also possesses a special tool in order to extrapolate the values of corrosion potential and corrosion current density from the plot. A Tafel ruler is provided with associated software to measure the corrosion potential and corrosion current density. A horizontal ruler is matched at the junction of the cathodic and anodic branches. This point gives the value of the corrosion potential and the corrosion current density is obtained by extrapolating the fitting lines of the anodic and cathodic branches of the Tafel curve. Microstructure study and characterization of Ni-P-TiO 2 composite coating Energy dispersive X-ray analysis (EDAX Corporation) is used to verify and find out the presence of nickel, phosphorus, titanium, and oxygen in the composite coating in terms of weight percentage. Scanning electron microscopy (JEOL, JSM-6360) is used to observe the surface morphology of the composite coating before and after heat treatment (400 °C). This is done in order to analyze the effect of heat treatment on the surface structure of electroless Ni-P-TiO 2 composite coatings. An X-ray diffraction analyzer (Rigaku, Ultima III) is used to find out the phase composition of as-deposited and heat treated composite coatings.
Coating process optimization and planning of experiment
The design factors or input parameters (experimental parameters) are varied within the specific range to obtain a desired result of the response variables (output parameters). The aim of the study is to obtain an optimum combination of the design factors for the best possible value of response variables. There are many factors which are considered to improve the corrosion behavior of Ni-PTiO 2 composite coatings. On the basis of literature review [26] [27] [28] [29] the most influential process parameters are selected to improve the electrochemical performance of the composite coating. In the present work, nickel sulphate (A), sodium hypophosphite (B), concentration of TiO 2 particles (C) and annealing temperature (D) are considered as process parameters due to their effect on corrosion resistance. Table 2 shows the design factors along with their levels. In the present experiment, four process parameters are used with three levels; therefore the total degrees of freedom (DOF) considering the individual factors and their interaction are 20. Hence the L 27 orthogonal array (OA) is chosen which has 27 rows corresponding to the number of experiments and 26 DOF with 13 columns. The L 27 OA is shown in Table 3 . Each row in the table represents the specific combination of experimental run and each column represents a specific factor or interactions. The cell value indicates the level of corresponding factor or interaction assigned to that column. The experimental run is controlled by the setting of the design factors and not by the interactions. The aim of the present study is to improve corrosion potential and to reduce the corrosion current density of the TiO 2 composite coating. Hence, it becomes a multiple response problem of optimization which cannot be solved only by Taguchi technique [30] , because it may be possible that higher S/N ratio of one response corresponds to the lower S/N ratio of the other. Grey relational analysis [31] is used for overall evaluation of the S/N ratio to optimize the multiple response characteristics. The optimization process is performed in number of stages. In the first stage, the experimental results are normalized in the range of one and zero. Grey relational generation and grey relational coefficients are calculated using normalized data. The normalized data represent the correlation between actual experimental data and the desired experimental data. In the third stage grey relational grade is calculated by averaging the grey relational coefficients. The grey relational grade is treated as the overall response of the process instead of multiple responses of corrosion potential and corrosion current density. Table 3 . Design factors and interactions in L 27 orthogonal array.
Trial No.
Column numbers
Results and discussion Surface morphology and characterization of Ni-P-TiO 2 composite coating The characterization of the coating is vital to check the content of elements in the composite coating. Energy dispersive X-ray analysis (EDX) is used to find the existence of coating elements in terms of weight percentage. Table 4 shows the EDX result of Ni-P-TiO 2 composite coatings at different concentration of TiO 2 particles in the electroless bath. Fig.3 The SEM images of as-deposited and heat-treated Ni-P-TiO 2 composite coatings are shown in Fig. 4 . The surface of the as-deposited coated substrate (Fig. 4a) shows typical nodular structure with uniform distribution of titanium particles. Fig. 4(b) shows the SEM micrographs of heat treated Ni-P-TiO 2 composite coatings at 400 °C. From this figure, it is confirmed that the grain structure of the heat-treated composite coatings is changed due to the heat treatment. Also by careful observation, it is noticed that the grains are coarsened due to heat treatment at 400 °C. At this temperature, crystallization of nickel and precipitation of phosphide (Ni 3 P) occur, which reduces the porosity of the coating, resulting in increase in corrosion resistance. Fig. 5 shows the X-ray diffraction plots for Ni-P-TiO 2 composite coatings in asdeposited and heat-treated condition (400 °C). Fig. 5(a) shows XRD plot for asdeposited TiO 2 composite coating. A single broad peak at 44.24 diffraction angle confirmed the amorphous structure of as-deposited composite coating. Fig. 5(b) shows the XRD plot for heat treated (at 400 °C) TiO 2 composite coating. From the plot it is confirmed that the amorphous structure of the composite coating converted in the crystalline structure. Due to heat treatment, peaks of Ni 3 P (hard particles) are seen at various diffraction angles. These particles are responsible for increase in hardness and wear resistance of TiO 2 composite coatings. 
Optimization of corrosion parameters and confirmation test
The experimental values of E corr and I corr are shown in Table 5 . The present work deals with two responses, corrosion potential and corrosion current density, for optimization of corrosion behavior of Ni-P-TiO 2 composite coatings. Grey analysis technique converts a multi response (variable) problem in a single response problem. The particular sets of analysis performed to convert the given multiple responses in single performance index, is called as grey relational grade. For excellent electrochemical performance, higher value of corrosion potential and lower value of corrosion current density are preferred. Hence, higher-thebetter criterion used for corrosion potential and lower-the-better criterion is used for corrosion current density. The equations for the higher-the-better and lowerthe-better criteria are given below, Equation for higher-the-better 
where ( ) Table 6 . The grey relational coefficient is calculated from the normalized value and the equation for the grey relational coefficient is given as below, which is used to adjust the difference of the relational coefficient in the range of 0 to 1. The suggested value of the distinguishing coefficient is 0.5. The overall multiple response characteristics evaluation is based on grey relational grade and it is calculated as follows:
where n is the number of process responses. The grey relational grades are considered in the optimization of multi-response parameter design problem. The values of grey relational grade are shown in Table 7 . Taguchi method is used to optimize the process parameters for high quality with low cost. In this technique, S/N ratio is used to convert the experimental results in value for the evaluation characteristics to optimum parameter analysis. Larger S/N ratio represents a better quality characteristic. The S/N ratio is maximized to reduce the effect of random noise factors and to find the effect of significant process parameters. The S/N ratio for grey relational grade is calculated using higher-the-better criteria and the equation for higher-the-better is given below,
where 'y' is the observed data and 'n' is the number of observations. As the experimental design is orthogonal, it is possible to separate out the effect of each coating parameter at different levels. The mean grey relational grade for three levels of the three factors is summarized in Table 8 . All the calculations are performed with the help of Minitab software [32] . The response table shows the average of the selected characteristic for each level of the factors. The ranks shown in the table are based on Delta statistics and it compares the relative magnitude of effects. The Delta statistics is the difference of highest average and lowest average of each factor. Ranks are assigned on the basis of Delta values for, e. g., rank 1 is assigned to the highest Delta value, rank 2 is assigned to next highest value, and so on. The parameter which possesses higher delta value has greater influence over the response. From Table 8 , it is confirmed that parameter D (annealing temperature) possesses the highest delta value; this means that it has the greatest influence on the electrochemical performance of electroless Ni-P-TiO 2 composite coatings. Fig. 6 shows the main effects plot for mean S/N ratio and Fig. 7 shows the interaction plots between the process parameters. The main effects plot gives the optimal combination of the coating process parameters for the desired electrochemical performance. If the line for a particular parameter in the main effect plot is horizontal, it means that the parameter has no significant effect. On the other hand, if the line has maximum inclination to horizontal line, it means that the parameter has the most significant effect. From Fig. 6 , it is confirmed that concentration of TiO 2 particles (parameter C) has the significant effect, annealing temperature (parameter D) has the most significant effect and nickel source (parameter A) has the moderate effect. Larger Grey relational grade has better multiresponse characteristics. The optimal combination of parameters was found as A3B2C3D3. Interactions between parameters A, B and C are shown in Fig. 7 . From the plots it is confirmed that almost all lines are intersecting to each other, i.e., all factors have some amount of interaction between each other. Parameters A and C have the strong interaction and parameters A and B have moderate interaction. ANOVA is used to find the effect of the process parameters and their significance level. ANOVA gives the total variability of the response into contribution of each of the factors and the error. A sophisticated software, Minitab, is used to obtain the results through ANOVA using grey relational grade. ANOVA results for electrochemical behavior of the TiO 2 composite coatings are shown in Table 9 . These calculations are based on the F-ratio (variance ratio). It is used to measure the significance of the parameters under investigation with respect to variations of all the terms included in the error term at the desired significance level. If the calculated value is higher than the tabulated value it means that the factor is significant at the desired level. From the table it is confirmed that parameter D (annealing temperature) has the most significant effect on the corrosion behaviour at the confidence level of 99% within the specific test range. The concentartion of TiO 2 particels (C) has significant effect at 97.5% confidence level. Among the interactions, the interaction between parameters A and C has the most significant contribution at confidence level of 90%. From ANOVA table it is confirmed that parameter D has the largest contribution (26.35%) followed by parameter C (21.48%). Among the interactions, interaction A×C has the highest contribution (20.83%). In the last, confirmation test is conducted on the basis of optimum combination of parameters with their respective levels. The predicted values of the grey relational grade at the optimum level η are calculated as
where m η is the total mean grey relational grade, i η is the mean grey relational grade at optimal level, and 'o' is the number of main design parameters that significantly affect the electrochemical performance of Ni-P-TiO 2 composite coating. Table 10 shows results of the confirmation test. The increase of the grey relational grade from the initial condition (A2B2C2D2) to the optimal condition (A3B2C3D3) was found as 0.17576, which is more than 29.356% of the mean grey relational grade. It means that the corrosion resistance improved significantly. The polarization curves for the Ni-P-TiO 2 composite coatings at initial and optimal condition are shown in Fig. 8 . The polarization curves do not exhibit any passive behaviour. The corrosion potential and corrosion current density of the TiO 2 composite coatings improved from initial condition (-394.38 mV) to optimum condition (-336.41 mV).
Conclusions
In the present study Taguchi method combined with grey relational analysis has been used to optimize the coating process parameters in order to improve the chemical behavior of Ni-P-TiO 2 composite coating. The electrochemical tests were conducted using potentiodynamic polarization in 3.5% NaCl solution. The optimum parameters combination was found as, higher level of nickel sulphate (45 g/L), middle level of sodium hypophosphite (20 g/L), higher level of TiO 2 particles (15 g/L), and higher level of annealing temperature (500 °C) (A3B2C3D3). From ANOVA results it is confirmed that annealing temperature and concentration of TiO 2 particles have significant influence on the electrochemical behavior of the composite coating. The interaction between nickel source and concentration of TiO 2 particles has the most significant influence among the interactions. The improvement in grey relational grade from the initial condition to the optimal condition has been found as 29.356% . From the EDX analysis it is confirmed that the coated layer embedded with titanium particles and consists of nickel, phosphorous, and oxygen. The SEM micrographs revealed that the coating has cauliflower like structure with uniform distribution of titanium particles. From XRD plots it is confirmed that the as-deposited coating has amorphous structure and the heat treated composite coating has crystalline structure. The coating deposited using the optimum combination has excellent corrosion resistance compared to the coating deposited using initial condition.
